In addition to antigen-specific stimulation of T cell receptor (TCR) by a peptide-MHC complex, the functional outcome of TCR engagement is regulated by antigen-independent costimulatory signals. Costimulatory signals are provided by an array of interactions involving activating and inhibitory receptors expressed on T cells and their cognate ligands on antigen presenting cells. T cell immunoglobulin and ITIM domain (TIGIT), a recently identified immune receptor expressed on T and NK cells, upon interaction with either of its two ligands, nectin-2 or poliovirus receptor (PVR), inhibits activation of T and NK cells. Here we report the crystal structure of the human TIGIT ectodomain, which exhibits the classic twolayer ␤-sandwich topology observed in other immunoglobulin super family (IgSF) members. Biophysical studies indicate that TIGIT is monomeric in solution but can form a dimer at high concentrations, consistent with the observation of a canonical immunoglobulin-like dimer interface in the crystalline state. Based on existing structural data, we present a model of the TIGIT:nectin-2 complex and utilized complementary biochemical studies to map the nectin-binding interface on TIGIT. Our data provide important structural and biochemical determinants responsible for the recognition of nectin-2 by TIGIT. Defining the TIGIT:nectin-2 binding interface provides the basis for rational manipulation of this molecular interaction for the development of immunotherapeutic reagents in autoimmunity and cancer.
Introduction
T cell activation and differentiation requires two distinct synergistic signals. Antigen-specific interactions between peptide-MHC complexes on antigen presenting cells (APCs) and the cognate T cell receptors (TCR) provide the first signal for activation. A second antigen-independent signal results from the engagement of costimulatory receptors on T cells with their protein ligands on APCs. In absence of this second signal (costimulatory signal), T cells enter a state of non-responsiveness referred as anergy (Lenschow et al., 1996; Chen, 2004) . CD28 and CTLA-4 are the most extensively studied costimulatory molecules, which upon recognition of the B7-1/B7-2 ligands, deliver stimulatory and inhibitory signals, respectively (Lenschow et al., 1996; Chen, 2004) . However, there are numerous additional receptor-ligand interactions that regulate downstream signaling and contribute to the course, duration and strength of T cell responses (Lenschow et al., 1996; Chen, 2004; Chattopadhyay et al., 2009) . Defining the mechanisms responsible for these signaling events and the manner in which these processes are coordinated is critical for a complete understanding of T cell function and for the generation of new immune-based strategies to treat infectious diseases, autoimmunity and malignancies.
TIGIT is a recently identified immune receptor expressed on NK cells and specific T cell subsets, which interacts with the poliovirus http://dx.doi.org/10.1016/j.molimm.2016.12.003 0161-5890/© 2016 Elsevier Ltd. All rights reserved. receptor (PVR, also known as CD155 and nectin-like 5) and nectin-2 (also known as PVRL2 and CD112). Initial reports suggested that the interaction between TIGIT and PVR, expressed on dendritic cells (DCs), induces tolerogenic DCs that impair T cell proliferation and inhibit IFN-␥ production from responding T cells (Yu et al., 2009 ). However, a recent study using antibody-mediated TIGIT blockade demonstrated direct inhibition of T cell responses, independent of APCs (Joller et al., 2011) . The inhibitory function of TIGIT is attributed to the presence of an immune receptor tyrosine-based inhibitory motif (ITIM), 229 LSYRSL 234 , in its cytoplasmic tail. Consistent with this notion, a point mutation in the putative ITIM (Y131A) abolishes its inhibitory function (Stanietsky et al., 2009) . It has also been demonstrated that upon engagement with either PVR or nectin-2, TIGIT can directly inhibit in vitro NK cell cytotoxicity through its ITIM (Stanietsky et al., 2009) .
In addition to TIGIT, another receptor CD226 expressed on T cells and NK cells also recognizes the same set of ligands, PVR and nectin-2, and delivers stimulatory signals to T and NK cells (Shibuya et al., 1996; Lakshmikanth et al., 2009; Carlsten et al., 2007) . These studies established TIGIT as a receptor of a newly emerging costimulatory network consisting of CD226/TIGIT:nectin-2/PVR, which exhibits significant parallels to the CD28/CTLA-4:B7-1/B7-2 pathways. Like the CD28/CTLA-4:B7 interactions, this set of molecules regulates the functional outcome of T cell activation and perturbation of the balance between activating and inhibitory signals results in increased susceptibility to infection or the induction of autoimmunity (Joller et al., 2011; Levin et al., 2011) . The genetic linkage of the CD226/TIGIT pathways to a number of human autoimmune diseases further supports an important role in controlling autoimmune responses (Hafler et al., 2009) . In addition, a recent study demonstrated that the homozygous deletion of TIGIT results in hyper-proliferative T cell responses and increased susceptibility to autoimmune diseases in mice (Joller et al., 2011) .
Given the significance of CD226/TIGIT:nectin-2/PVR pathways in T cell and NK cell-mediated immunosurveillance, we examined the molecular basis for the TIGIT:nectin-2 interaction. In this study, we determined the high resolution crystal structure of TIGIT, and mapped its nectin-2 binding interface by structure-guided mutagenesis. Although, our analysis shows that TIGIT and nectin-2 interact through their IgV domain in the canonical front sheet-to-front sheet fashion observed in other complexes involving members of the immunoglobulin superfamily (IgSF), we also describe a distinctive lock-and-key mechanism that support this molecular interaction.
Experimental procedures

Cloning, expression and purification of TIGIT
The IgV domain of human TIGIT (residues 22-137) was cloned into pET3a (Novagen) and expressed in E. coli strain BL21 (DE3) pLysS as insoluble inclusion bodies. Protein expression was induced at OD 600 of 0.5 with 1.0 mM IPTG, cells harvested by centrifugation and suspended in lysis buffer containing 50 mM Tris-HCl (pH 8.0), 100 mM NaCl, 20% (w/v) sucrose, 1 mM EDTA, and 10 mM dithiothreitol. DNase I (10 g/ml) was added to the suspension, and then lysed by sonication, and insoluble protein pelleted by centrifugation. The inclusion bodies were washed three times with wash buffer (10 mM Tris-HCl (pH 8.0), 100 mM NaCl, 0.5% Triton X-100, 1 mM EDTA and 10 mM DTT). The detergent was removed by washing the inclusion bodies twice with wash buffer in which the Triton X-100 was omitted. Protein purity was confirmed by SDS-PAGE.
The purified, detergent-free inclusion bodies were solubilized in buffer containing 6 M guanidine hydrochloride, 10 mM Na-acetate (pH 4.5), 5 mM EDTA, and 1 mM DTT to a final concentration of 1 mg/ml. The solubilized material was refolded by rapidly diluting 15 ml into 1 l of buffer composed of 400 mM arginine hydrochloride, 100 mM Tris-HCl (pH 8.0), 1 mM EDTA, 5 mM reduced glutathione and 0.5 mM oxidized glutathione (Garboczi et al., 1996; Zhang et al., 2002) . This rapid dilution step was repeated at 4 h intervals for a total of five additions, with the entire process being performed at 4 • C with constant stirring. The refolded protein was purified by size-exclusion chromatography with a buffer composed of 20 mM HEPES (pH 7.0), 150 mM NaCl, and 1 mM EDTA. TIGIT mutants (T112A, Y113A and P114A) were generated by introducing point mutations using QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA), and purified by the same procedure described for wild type TIGIT. The IgV domain of human nectin-2 was refolded and purified as described previously (Samanta et al., 2012) .
Analytical ultracentrifugation sedimentation equilibrium analysis
Sedimentation equilibrium experiments were performed at 20 • C using a Beckman XL-I analytical ultracentrifuge, six-sector cells, and an AN-60Ti rotor. The 280 nm absorption scans (at 20,000 and 25,000 rpm) of TIGIT (concentrations of 9 M, 21 M and 47 M) in 20 mM HEPES (pH 7.0), 150 mM NaCl, and 1 mM EDTA were globally analyzed using HeteroAnalysis ver 1.1.44 (Cole, 2004) . Buffer density and the partial specific volume were calculated using SEDNTREP version 1.01 (Glasel, 1995) .
Crystallization and structure determination
TIGIT (13 mg/ml in 20 mM HEPES, pH 7.0, 150 mM NaCl, and 1 mM EDTA) was crystallized using the sitting drop vapor diffusion method at room temperature by mixing 0.5 l of protein with 0.5 ul of precipitant. Distinct crystal forms were observed in (i) 0.1 M MES pH 6.0, 1.3 M (NH 4 ) 2 SO 4 (monoclinic form) and (ii) 0.1 M Bis-Tris pH 5.5, 1.2 M (NH 4 ) 2 SO 4 , 1% PEG 3350 (hexagonal form). Crystals were cryoprotected in mother liquor supplemented with 15% glycerol prior to flash-cooling in liquid nitrogen. Diffraction was consistent with the space group P2 1 (a = 39.95, b = 74.67 Å, c = 43.35 and ␤ = 92 • ) for the monoclinic form and P6 4 22 (a = b = 118.61 Å; c = 98.20 Å; and ␣ = ␤ = 90 • ; = 120 • ) for the hexagonal form, with two molecules per asymmetric unit in both cases. X-ray diffraction data were collected at the X29A beam line (National Synchrotron Light Source) and integrated and scaled with HKL2000 (Otwinowski and Minor, 1997). The structure of the P2 1 crystal form was determined by molecular replacement with the program MOLREP (CCP4) using the CHAINSAW (CCP4) truncated model of 1IKF (25% identity) (Altschuh et al., 1992) . Initial placement with MOLREP followed by rigid body refinement with REFMAC5 resulted in clear density for the additional residues of TIGIT that were missing in the truncated model (Murshudov et al., 1997 ). The resulting model was input to aRP/wARP with data extending up to 1.7 Å resolution. The model was further improved by alternative cycles of manual revision with COOT and refinement using REFMAC5, yielding a final R work and R free of 20.9% and 23.7%, respectively. The structure of hexagonal crystal form was determined by a similar procedure to 2.7 Å resolution using the monomer from the monoclinic crystal form as the search model, and refined to a final R work and R free of 20.8% and 25.3%, respectively. Atomic coordinates were deposited to the PDB with PDB ID: 3Q0H and 3RQ3, for monoclinic and hexagonal forms, respectively. The details of data and refinement statistics are provided in Table 1 .
Surface plasmon resonance (SPR) for binding studies
Binding studies were performed with a BIAcore 3000 optical biosensor at 25 • C. The IgV domain of human nectin-2 was immo- bilized on a research-grade CM5 sensor chip using amine-coupling chemistry to a level of ∼1000 RU (the concentration of protein used during immobilization was 10 nM to 20 nM consistent with monomer). During the course of the binding assay, different concentrations (1-100 M) of human TIGIT were injected at a flow rate of 20 l/min for 2 min in HBS-EP buffer (10 mM HEPES, pH 7.4, 150 mM NaCl, 3 mM EDTA, 0.005% Tween-20). Following injection, proteins were allowed to dissociate in protein-free HBS-EP buffer. The final response was obtained by subtracting the response of the blank channel (with no protein immobilized) from that of the experimental channel and plotting the difference against the corresponding concentration. The equilibrium dissociation constant (K d ) was obtained by fitting the data to the 1:1 Langmuir binding model using GraphPad Prism 5 (GraphPad). To assess the impact of point mutations on TIGIT activity, each mutant was injected at 10 M and compared with the response of wild type TIGIT at the same concentration. Similarly, a series of concentrations of TIGIT (from 62.5 nM to 8 M) was injected over the experimental flow cell containing immobilized human PVR (purchased from R&D systems) and the reference flow cell and the K d determined as described above.
Thermal stability assay
Thermal denaturation of wild type and Y113A was performed using the iQ5 real-time PCR detection system (Biorad). Briefly, each protein (at 10 M, which is consistent with monomer) was mixed with Sypro orange, loaded into the thermal cycler, and the temperature ramped from 25 • C to 99 • C in 1 • C increments with a dwell time of 6 s. The negative first derivative of the fluorescence change (−dRFU/dT) for each protein is plotted against temperature and the melting temperature is defined as the minimum in the −dRFU/dT curve.
Molecular modeling
A structural model of the TIGIT:nectin-2 complex was constructed with the MODELLER program (Eswar et al., 2006) , using TIGIT and nectin-2 (PDB accession codes: 3RQ3 and 3R0N, respectively) as structural templates.
Results
TIGIT is predominantly a monomer in solution but forms a dimer at high concentrations
Bacterially expressed, refolded and purified human TIGIT IgV domain (calculated MW of 11.21 kDa (Fig. 1A ) eluted as monodisperse peak on a calibrated gel filtration column with apparent molecular mass < 17 kDa when loaded at a concentration of 10 M (Fig. 1B) . Detailed analysis on the gel filtration profile revealed that TIGIT can form a dimer in solution when loaded at a concentration of 350 M (Fig. 1C) . Analytical sedimentation equilibrium yields a M w = 13563 Da, consistent with monomeric TIGIT in the 9 M to 47 M concentration range. Together, size exclusion chromatography and sedimentation equilibrium analysis show that the IgV domain of human TIGIT is predominantly a monomer at low concentrations in solution, with the propensity to form a dimer at higher concentration, consistent with the observation of dimers in the crystalline state (see below).
Overall structure of human TIGIT ectodomain
TIGIT is a single-pass type-1 membrane glycoprotein consisting of a single IgV domain, followed by a transmembrane region and a cytoplasmic tail (Fig. 2A) . The asymmetric unit of the hexagonal crystal form contains two copies of the molecule, each of which exhibits the classic two-layer ␤-sandwich topology present in other IgV structures (Bork et al., 1994) (Fig. 2B) . The structures of the two independent molecules are very similar, with an RMSD of 0.27 Å for 97C ␣ atoms (Fig. 2C) . The front and back sheets of the domain are composed of the GFCC'C" and ABED strands, respectively (Fig. 2B ). Similar to other conventional Ig-super family (IgSF) members (Bork et al., 1994) , the B and F strands of TIGIT are linked by a hallmark disulfide bond (Fig. 2B) , which is important for stabilizing the IgV domain (Proba et al., 1997) . Molecules related by two-fold non-crystallographic symmetry generate a dimer, with the interface formed by the nearly orthogonal association of C, C', C , F, and G strands from the front sheets of the two engaging IgV domains (Fig. 2D ). This organization results in a "kinked" dimer with an endto-end distance of 62 Å, which is similar to the quaternary structure observed in numerous other dimers involving IgSF members. The overall fold of the two independent IgV domains in the asymmetric unit are also very similar in the monoclinic crystal form (PDB ID: 3Q0H), with an RMSD of 0.43 Å over 90 C␣ atoms. Notably, the front sheet-to-front sheet dimer (as seen in the hexagonal form) is not observed in this form of crystal. The IgV domains present in hexagonal and monoclinic crystal forms are also similar with an RMSD of 0.72 Å for 92 C␣ atoms when the respective A chains are compared. The conformation of front sheet ␤-strands and FG loop, which are known to be involved in canonical interactions between two engaging IgV domains, are nearly identical in these two crystal forms. The details of data and refinement statistics of these two structures are shown in Table 1 .
The homodimer interface of TIGIT
In agreement with our solution studies demonstrating that TIGIT forms a dimer at high concentration and a previous crystallographic report that suggests the dimeric association of this molecules (23, PDB: 3UCR), here we also observed a canonical dimeric association of TIGIT in the crystalline state. In the hexagonal crystal form (PDB ID: 3RQ3), molecules related by two-fold noncrystallographic symmetry generate a dimer typical of the IgSF, which buries a total of 1330 A 2 of surface area at the dimer interface. Fourteen residues (Thr-55, Gln-56, Asp-72, Trp-75, His-76, Thr-112, Tyr-113 and the symmetry-related residues from the engaging partner) are involved in sixteen potential hydrogen bonds. Several residues contribute van der Waals contacts to this homophilic interface, including Asn-58, Leu-65, Ile-68, Leu-73, His-76, His-111, Tyr-113, Pro-114 and Gly-116, which are partially or completely buried at the dimer interface. Most of the residues contributing to the dimer interface are polar, except for Ile-68 and Leu-73, which form a small hydrophobic core at the interface together with Tyr-113 from the interacting partner. Leu-73, being situated on the C" strand (edge of the front sheet), is only partially buried in the interface. The side chain of Tyr-113 is buried in a largely hydrophobic pocket formed by the Leu-73 and His-76 on the C" strand, and Ile-68 and Asn-70 on the C' strand of the engaging molecule (Fig. 3A) .
The dimer interface observed in the hexagonal crystal form (PDB ID: 3RQ3) is consistent with the results of mutagenesis experiments. For example, the Y113A mutant exhibited a significantly decreased molecular weight as judged by size exclusion chromatography (Fig. 3B) , even though the stability of this mutant protein is comparable to the wild type protein as assessed by fluorescence monitored thermal denaturation (Fig. 3C) . These experiments were performed with protein concentrations of 10 M, where both should be monomeric.
TIGIT:nectin-2 interaction is weaker than the TIGIT:PVR interaction
In addition to the homophilic interaction, nectin-2 also participates in heterophilic interactions with nectin-3 to mediate cell-cell adhesion, as well as with the TIGIT and CD226 immune receptors. On the basis of cell-based experiments, it has been reported that TIGIT exhibits a much higher affinity for PVR than nectin-2 (Yu et al., 2009; Stanietsky et al., 2009) . Using SPR methods, we determined the K d s for the TIGIT:nectin-2 and TIGIT:PVR interactions to be 11.5 (±1.1) M and 0.36 M (±0.025) M, respectively ( Fig. 4A and B) . The difference in binding affinity between these two interactions is consistent with the previous report that nectin-2 is a low affinity ligand for TIGIT compared to PVR (Yu et al., 2009 ).
Mapping the nectin-2 binding sites on TIGIT reveals a "lock-and-key" mechanism
The homodimeric structures of the IgV domains of nectin-2 (Samanta et al., 2012) and TIGIT observed in the hexagonal form share a considerable similarity with an RMSD of 2.07 Å for 166 C␣ atoms (Fig. 5A) . On this basis, we hypothesized that the TIGIT:nectin-2 heterophilic interface is similar to the homophilic interfaces utilized by these molecules and generated a molecular model of the TIGIT:nectin-2 interaction, in which the heterodimer interface is formed by interactions between the front ␤-sheets of each molecule (Fig. 5B) . The conserved motif 112 TYP 114 , located in the FG loop region of TIGIT, is predicted to play a major role in this interaction, as all of these residues are significantly buried at the proposed interface (Fig. 5C ). Of particular importance, Tyr-113 acts as the "key" for this molecular recognition, fitting nicely into a hydrophobic pocket formed by His-86, Met-73, Ala-84 and Leu-67 from the engaging nectin-2 molecule (Fig. 5C) . A similar "lock-and-key" mechanism was also described in the structure of the TIGIT:PVR interaction (Stengel et al., 2012) . To assess the contribution of these FG loop residues, we evaluated the binding of TIGIT mutants (T112A, Y113A, and P114A) with nectin-2 by SPR. All of these three mutants exhibited reduced binding to nectin-2 when compared with the same concentration of wild type TIGIT, supporting an important role for the 112 TYP 114 motif in the recognition of nectin-2 (Fig. 5D ).
Discussion
The nectins are a group of type-I membrane glycoproteins involved in cell adhesion processes, which act independently or in concert with other cell adhesion molecules such as cadherins (Takai et al., 2008) . Recent structural reports have proposed mechanisms for the homophilic, as well as selective heterophilic interactions among nectins that contribute cell-cell adhesion. (Samanta et al., 2012; Narita et al., 2011; Harrison et al., 2012) . Several studies also demonstrated that nectins are capable of a range of heterophilic interactions involving proteins outside the nectin family (Yu et al., 2009; Stanietsky et al., 2009; Chan et al., 2012) . In particular, nectin-2 plays an important role in immune modulation due to its ability to interact with TIGIT and CD226 expressed on T cells and NK cells. The homophilic interaction of nectin-2 and its heterophilic interaction with CD226 have been previously characterized (Samanta et al., 2012; Liu et al., 2012) . However, in the absence of either the (A) Structure alignment study shows the overall structural similarity between the TIGIT (gray) and nectin-2 (violet) homodimers with an RMSD of 2.07 Å for 166C␣ atoms (B) Molecular model of the heterophilic interaction between TIGIT and nectin-2 based on a canonical front sheet-to-front sheet interaction. (C) The modeling also suggests that the FG loop residues are crucial for this interaction. TIGIT FG loop residues 112 TYP 114 are represented by ball-and-stick model, while nectin-2 is represented by a surface representation. Tyr-113 is buried in a hydrophobic pocket formed by the engaging nectin-2 molecule. (D) Wild type TIGIT and three mutants (T112A, Y113A, and P114A) were injected over experimental (containing immobilized human nectin-2) and reference flow cells at 10 M concentration. The final response of each protein was obtained by subtraction of the response of the reference cell from the experimental cell. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) apo structure of CD226 or its complex together with Nectin-2 or PVR and in the absence of mutational/biophysical studies to define the CD226 interaction with its cognate partners Nectin-2 and PVR, it is difficult to propose the exact organization of these complexes. Present study defines the molecular basis of TIGIT:nectin-2 recognition. In addition to reporting high resolution crystal structures and the solution properties of the human TIGIT ectodomain, we biochemically characterized the heterophilic interaction between TIGIT and nectin-2, and mapped the nectin-2 binding surface on TIGIT based on structure-guided molecular modeling and complementary mutagenesis studies. A recent study involving structural, biochemical and cell-based analyses of the TIGIT:PVR interaction suggests that TIGIT can self-associate through the back ␤-sheet (i.e., A, B, E, and D strands) of its ectodomain and assemble as cishomodimers on the cell surface (Stengel et al., 2012) . This laterally associated TIGIT cis-homodimer forms a canonical trans interaction with PVR via their front ␤-sheets (Stengel et al., 2012) .
Although the TIGIT:PVR interaction (K d ∼ 350 nM) is much stronger than the TIGIT/nectin-2 interaction (K d ∼ 11 M), we propose that the overall recognition mode is similar in both cases. The 112 TYP 114 motif of TIGIT plays a significant role in these interactions, where Tyr-113 is buried in a hydrophobic pocket formed by residues of the engaging molecule. Point mutations of this motif in TIGIT reduce the affinity for both nectin-2 and PVR ( Fig. 5D and (Stengel et al., 2012) ). The structure of the TIGIT:PVR complex also revealed that the 127 TFP 129 motif present in the FG loop of PVR (the equivalent of TIGIT 112 TYP 114 ) is important for this molecular recognition, where Phe-128 is similarly buried in a hydrophobic pocket formed by the engaging TIGIT (Stengel et al., 2012) . Moreover, the observed conformations of the T-(Y/F)-P loops are highly similar, including the side chain conformations, suggesting that this loop makes analogous contacts in both the TIGIT:PVR and TIGIT:Nectin-2 heterodimers. In addition to the homophilic interface of TIGIT involving canonical heterophilic front sheet-tofront-sheet contacts, we also observed back sheet-to-back sheet contacts of TIGIT molecules related by 2-fold crystallographic symmetry in both the monoclinic and hexagonal forms; these back sheet-to-back sheet interactions are nearly identical to those described in the TIGIT:PVR complex (3UDW) (Fig. 6A) . The observation of this back sheet-to-back sheet association in both TIGIT and (3RQ3) and the TIGIT:PVR complex (3UDW), the TIGIT:nectin-2 interaction was modeled, in which two TIGIT molecules located at the center interact through back sheet-to-back sheet contacts, while the front sheet of these two molecules recognizes nectin-2 at the periphery via canonical front sheet interactions. the TIGIT:PVR complex (3UDW) is consistent with the previously proposed biological significance of this non-canonical interaction (Stengel et al., 2012) . Moreover, based on our structural observations, we constructed a model in which two TIGIT molecules interact via their back ␤-sheets at the center, with each of them additionally interacting with nectin-2 through canonical front sheet-to-front sheet contacts (Fig. 6B) , similar to the TIGIT:PVR interaction. Most canonical interactions between the IgV domains possess certain key features, including orthogonal packing of the front sheets and in particular the packing of the FG strands and the FG loop of one protomer against the front face of other (predominantly involving C, C', C", F and G strands). This mode of recognition relies on complementary interactions between the two engaging front faces and results in substantial burial of elements of these surfaces. Although the conformation and residue composition (similarity) of the front-face is conserved among TIGIT, Nectin-2 and PVR, the CC' loops are slightly longer in both PVR and Nectin-2. PVR and Nectin-2 have two and five residue insertions, respectively, in the CC' loop compared to TIGIT (Fig. 7A) . These insertions and the residue composition in the PVR CC' loop appears to support efficient engagement, positioning the CC' loop (residues 72 SGS 74 ) ∼4.5 Å from the G-strand (residues 115 DGT 117 ) of the interacting TIGIT molecule, resulting in three backbone-backbone and backboneside chain interactions (Fig. 7B ). In the case of TIGIT:nectin-2 (modeled) and TIGIT:TIGIT dimers, the closest approaches of the CC' loop to the G-strand of the interacting partner (TIGIT residues 115-117) is ∼8.7 Å and 11.8 Å, respectively, which preclude the additional interactions involving CC' loop observed in TIGIT:PVR complex.
Moreover, the homodimer interface of TIGIT buries about 1330 A (Chen, 2004) , while both TIGIT:nectin-2 and TIGIT:PVR interactions result in the burial of approximately 1600 A 2 at their heterophilic binding interface. Furthermore, the homodimeric interface of TIGIT is mostly composed of polar residues, in contrast to the TIGIT:PVR and TIGIT:nectin-2 heterodimeric interfaces where hydrophobic interactions are prevalent, which is consistent with the relatively weak homodimerization of TIGIT. As mentioned earlier, the closer association of the CC' loop of PVR with the Gstrand of the TIGIT also appear to contribute to the greater affinity observed in the TIGIT:PVR complex compared to TIGIT:Nectin-2 complex. The chemical and physical determinants underlying the homophilic and heterophilic interactions of TIGIT appear to explain the spectrum of affinities among these interacting molecules, which is required for achieving optimal biological functions.
The recognition of nectin-2 and PVR by two receptors TIGIT and CD226 with opposing functions is reminiscent of CTLA-4/CD28:B7-1/B7-2 network where the CTLA-4 inhibitory receptor binds the same ligands (B7-1 and B7-2) as the CD28 activating receptor (Fig. 8) . Enhanced expression of nectin-2 is observed in various tumors (Lakshmikanth et al., 2009; Iguchi-Manaka et al., 2008; Oshima et al., 2013) and several reports suggest that nectin-2 expression on tumors might enhance NK cell cytotoxicity (Lakshmikanth et al., 2009; Pende et al., 2005a; Pende et al., 2005b) . Furthermore, it was recently demonstrated that CD226 knockout mice exhibit enhanced tumorigenicity (Iguchi-Manaka et al., 2008) . In contrast, TIGIT knockout mice showed uncontrolled T cell proliferation and susceptibility to autoimmune diseases (Joller et al., 2011) . Therefore, manipulation of CD226/TIGIT:nectin-2/PVR pathways might provide important therapeutic strategies against malignancies and autoimmune diseases (Samanta and Almo, 2015; Pauken and Wherry, 2014; Johnston et al., 2014; Chauvin et al., 2015) . The structural and biochemical features of the receptorligand interactions discussed here further define the molecular basis of these interactions and offer insights for the manipulation of these emerging pathways for therapeutic purposes. For example, the structure-guided engineering of ligands (either nectin-2 or PVR) that preferentially interact with CD226 or TIGIT to provide stimulatory or inhibitory signals in the tumor microenvironment or in the context autoimmunity will be of great interest for mechanistic analysis and may possibly represent new therapeutic strategies.
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